Relation between morphological traits of the root system and yield related traits is an important issue concerning efforts aiming at improving of ideotype of cultivated plants species, including pea. In this paper, to analyse the dependency between traits describing the root system morphology and yield potential, Person's and Spearman's correlations as well as canonical correlations were used.
INTRODUCTION
Pea (Pisum sativum L.) is valuable, high protein content crop species, used in food and food processing industry, with high significance in crop rotation system due to its inherent ability to obtain much of its nitrogen requirement from the atmosphere by forming a symbiotic relationship with Rhizobium bacteria in the soil. The versatile possibilities of usage of legumes cause a gradual increase of its cultivation area. Nowadays, legumes are cultivated on the area of 180 millions of hectares, from which 8.3 mil- DOI: 10.2478/v10129-011-0053-7 lions are under pea cultivation. The major producing countries of pea are Canada, China, India and Russia (FAOSTAT 2011) . Pisum sativum is the only species in the genus Pisum which is cultivated in Poland, and it enfold both pea used for human consumption (Pisum sativum subsp. sativum) and pea for livestock feed (Pisum sativum subsp. arvense). The biological potential of the pea, when compared to the other crops (especially grains), is not completely used which is showed by its relatively low and variable yield as well as tendency to lodging (Amelin and Parakhin, 2003; Hashemi et al., 2003; Prins and de Wit, 2006) .
Previous pea selection and its ideotype creation were focused mainly on above ground part of the plant, whereas very little attention was paid to root system architecture and development, especially when compared to other crops (e.g. cereals). Moreover, the analyses of pea root system were concentrated mainly on studies of symbiotic relation with root nodule bacteria.
The root system is responsible for the anchorage of the plant in the ground, absorption and translocation of water and nutrients from the soil, synthesis and transport of growth regulators and other compounds. In some plant species root system acts also as storage organ. Moreover, in some plant species symbiosis between roots and other organisms, for example bacteria or fungi present in the rhizosphere, is observed. The appropriate structure of root system is important condition for proper performing of its functions.
Water and nutrient availability limit plant growth and yield in most agricultural ecosystems. Plants with longer and stronger root system may penetrate the soil more efficiently in search of water and inorganic nutrients. Moreover, high root biomass is of the benefit to strong shoot growth, with is necessary for high yield production (Qu et al., 2003; Jin et al., 2010) .
Spectrum of variation in root system, known for example in wheat, maize or rice, suggests that approximately one-third of the plant genome control morphology, growth and functioning of the root system (Zobel, 1975; Górny, 1992) . Acquired knowledge about relationship between plant productivity and root characters is necessary to improve crop plants. However, relationship which exist between root morphological traits and yield related characters were not broadly analysed in crops, especially in pea.
Studies concerning relationship between root characters and yield components under field experiment are laborious, time consuming and expensive. Therefore, it is necessary to apply new, cheaper and more efficient methods. Root architecture is generally quite complex. Important traits of the root system which affect its absorbing surface are length, area, thickness, number of root hairs and mycorhizal association (Ward et al., 1978) . However simple and quite complete root system morphology is observed after only 14 days of plant growth (Lynch, 1995) . Thorup-Kristensen (1998) showed that the differences in morphology of root system found among pea genotypes measured in the field could also be found, in spite of the much faster root development, in soilless cultures. Similar results was obtained in other studies where early observations of root development, even of seedlings in soilless culture, were well correlated with subsequent rooting depth in the field (Górny, 1978; Grzesiak et al., 1996; Mia et al., 1996; Kashiwagi et al., 2006) . Girdthai et al. (2010) suggested that analysis of root characters in hydroponic culture could replace assessment in soil medium conditions.
Mentioned above findings shows, that analyses of root system morphology and development under laboratory conditions is a good alternative for complicated, not possible for serial testing and laborious field experiments. Analyses of root system in soilless cultures allow to examine high number of plants in relatively small working area in relatively short time. Therefore, in this paper the characteristic of root system was performed under laboratory conditions. The purpose of the study was to evaluate the influence of traits describing the root system morphology on yield potential of pea.
MATERIAL AND METHODS

Plant material
Four high-yielding cultivars of Pisum sativum L. were used in the present study. Two of them were white flowering cultivars (Kwestor and Piast) and two were colour flowering cultivars (Albatros and Sokolik) ( Table 1) . 
Root system analysis
Biometrical analyses of root system involved the following traits: total length of root system, length of the primary root, number of lateral roots, lateral roots density and mean length of lateral roots. Analyses were carried on 14 and 21 day-old seedlings growing in blotting-paper cylinders. Simultaneously, analyse of shoot length was also performed. The analyses were performed in greenhouse in three replications, in three completely randomized blocks, during the autumn-winter season.
Field analyses
Field experiments were carried out at field trial on the Experimental Area of University of Warmia and Mazury in Tomaszkowo near Olsztyn (northeastern Poland). The plants were grown in field trial during the 2003 and 2004 season, in complete randomised block design with three replications. Each replication was represented by 10 plants. Plants representing each variety were grown in 1 meter length rows. Intra-row distance between plants was 10 cm, whereas inter-row distance was kept 40 cm. The aim of the analyses was to acquire knowledge about the yielding potential of examined cultivars. Therefore, plant supports which reduce lost in yield caused by lodging were used.
Biometrical analyses in field experiment involved following morphological characters: mean seeds weight per plant, number of seeds per plant, 1000 seeds weight, number of pods per plant, number of seed per pod, number of branches per plant and plant height.
Statistical analyses
Biometric data for all pea varieties were subjected to analyse of Person and Spearman correlation and canonical correlation. All statistical analyses were run using STATISTICA 9.0 software.
RESULTS
Person and Spearman correlations
The relationship between root related traits and yield components was analyzed using Person's and Spearman's correlations. Results of these analyses were presented in Table 2 . Table 2 Pearson (P) and Spearman (S) correlation coefficients between yield related traits and root system characters 14 and 21 days old seedlings.
* -significant differences at P<0.05; ** -significant differences at P<0. The relationship between yield related characters and root morphological traits revealed that number of lateral roots per plant was significantly and positively correlated with yield related traits: mean seeds weight per plant, number of seeds per plant, number of pods per plant and mean number of seeds per plant. Significant and positive correlation was also observed between number of lateral roots per plant and number of branches, and shoot length in 14 and 21 day-old seedlings. In case of number of lateral roots per plant and 1000 seeds weight high correlation was also observed but in opposite direction. Very similar pattern of correlations was also observed between lateral roots density and yield components. Lateral roots density was significantly and positively correlated with seeds weight per plant, number of seeds per plant, number of pods per plant, number of branches and plant height measured in seedlings. Negative correlation was observed between lateral roots density and 1000 seeds weight. Mean length of lateral roots was significantly and positively correlated with shoot length measured during harvesting. Positive correlation between mean length of lateral roots measured in 21 day-old seedlings and number of branches per plant was also observed.
Results showed also significant and positive correlation between total length of root system and shoot length but only during the first measurement (for 14 day-old seedlings). However, there was no correlation between primary root length and shoot length at all stages of plant growth. Total root length and primary root length was not also correlated with mean seeds weight per plant, number of seeds per plant, number of pods per plant and mean number of seeds per plant.
Canonical correlations
The result of canonical correlations analysis between yield related traits and root morphological traits showed nine canonical variables. The first four canonical correlations were significant (for first tree p<0.01; for fourth p<0.05). The first canonical correlations coefficient was 0.97, the second was 0.87, whereas the third and fourth was 0.80 and 0.75, respectively. This implies, that the linear function of the root morphological characters and that of yield related traits have strong association as they together explained 94% of the variation for the first components. The contributions of these linear composites for the second and third canonical variates were 75 and 64 %, respectively (Table 3) . Table 3 Canonical correlations between root morphological and yield related traits Nine canonical variates were generated to find the optimal combinations of variables needed to discriminate between two groups of traits. All canonical variates explained 100% of variance in set of yield related traits and 97% of variance in set of root morphological characters. The first canonical variate explained 26% of variance in set of root morphological traits and 30% in set of yield related traits. The second canonical variate explained 12% and 3% of variance, respectively (Table 3) .
The redundancy measured for a given set of variables gives the average squared multiple correlations which explain the amount of total variability of one domain accounted for by the second domain. Rather high value of redundancy indicated on quite strong relationship between both sets of parameters. The results showed that about 57% of total variability in root related characters is accounted for by the yield related traits. 51% of variability in yield related traits is explained by root morphological features. The redundancy measured for individual canonical variates indicated that 25% of variability in the first linear function of the yield related characters were explained by root morphological characters. The first canonical variable indicated also that 29% of variability of the root morphological characters were explained by yield related traits (Table 3) .
The intra-set structured correlations which give the magnitude and directions of the variable contribution to the variate are presented in Table 4 and  Table 5 for root and yield related characters, respectively. Structural correlations are helpful to identify variables and their contribution to canonical variates. Among the yield related traits, seedling shoot length (-0.78 and -0.74 for 14 and 21 day-old seedlings, respectively) had the highest loadings Among the root morphological traits the maximum contribution to the first canonical variate had number of lateral roots (-0.89 and -0.85 for 14 and 21-day old seedlings, respectively) and lateral root density (-0.60 and -0.49 for 14 and 21-day old seedlings, respectively). Root weight (-0.71) had the higher contribution to the third variate, followed by mean length of lateral roots in 14 day-old seedlings (-0.53). In formation of the fourth canonical variate the most important role played total root length (-0.57 and -0. 58 for 14 and 21 day-old seedlings, respectively), primary root length (-0.57 and -0.52 for 14 and 21 day-old seedlings, respectively) and mean length of lateral roots in 14 day-old seedlings (-0.73). The relationships between root morphological traits and the first canonical variates clearly showed that number of lateral roots and lateral root density were the most influential characters on the set of yield components.
DISCUSSION
Statement that root system with fast growing primary root, high number of lateral roots, high number of root hairs is more efficient in absorption of water and inorganic nutrients from the soil, which may activate rapid growth of plants and their high yield, is a major simplification.
Relation between root related characters and yield related traits are more complex. Correct balance between root biomass, amount of nutrients and shoot growth is of significant mining for plant grown (Lynch, 2007) . Moreover, in case of maize, root system architecture and associated capture of water was found to be more important for increase of plant biomass and yield than canopy architecture and capture of light (Hammer et al., 2009) .
However, long root system is not always a desired trait for the plant because of high energetic costs associated with, for example, root respiration. Geometric modelling showed that root C costs could be a significant factor in the reduction of plant growth (Lynch and Beebe, 1995) . Moreover, exploitation of soil resources by root system can be quite intensive and may consume more than 50% Main seed ,153 -0,200 -0,207 -0,693 1,318 -0,638 -0,602 -0,287 of daily products of photosynthesis (Fogel, 1985; Nielsen et al., 1998 Nielsen et al., , 2001 Lambers et al., 2002) . On the other hand, there are many studies which results point at high dependence between length of root system and drought resistance. Deeper root systems in sorgum increased yield by 20% under drought conditions (Jordan et al., 1983) . Also in rice higher yield was observed in varieties with long root system under drought stress (Ingram et al., 1994; Kanbar et al., 2009; Abd Allah et al., 2010) . Nevertheless, Toorchi et al. (2006) observed the existence of a positive correlation between rice root system length and plant yield also in optimal hydration conditions. Similar results was made also by Jin et al. (2010) , who founded that high-yielding soybean genotypes have greater root biomass and root length. However, in the present study correlation between root system length and yield related characters were not observed. This is in agreement with previous observations which point at lack of correlation between root and yield related traits in pea mutants and cultivars (Ciągło-Androsiuk, 2009 ).
Mc Phee (2005) , in his comparatives analysis of pea genotypes, noticed a positive trend for root biomass production and total root length with increasing seed size. Described above relationship was not observed in this study. Sokolik with the smallest seeds, when compared to other tested cultivars, had relatively long root system with high number of quite long lateral root. The opposite relationship (the biggest seeds and short root system with small number of lateral root) was observed for Piast cultivar (data not shown).
Number of lateral roots is a heritable trait of significant meaning (Lynch, 2007) . Experiments performed by Rouhani et al. (1987) indicated that number of lateral roots had a strong relationship with eggplant fruit production. Plants which were characterized by the highest number of lateral root were observed to have 54% more fruits than plants which smaller number of lateral root. Routhani et al. (1987) also noticed, that value of total plant dry weight and leaf area, were strongly affected by the number of lateral roots. They observed that plants with the highest number of lateral roots are characterized by 41% higher total plant dry weight and 21% bigger leaf area, when compared to plants with the lowest number of lateral roots.
The results of canonical correlation presented in this paper suggest that number of lateral roots and lateral roots density were the most important characters for the plant productivity. Also results of Person's and Spearman's correlation showed that number of lateral roots and lateral roots density are significantly and positively correlated with plant yield. Similar observations were made also by Lamb et al. (2000) , who observed that alfalfa genotypes with higher number of lateral roots had greater total herbage yield. Furthermore, positive correlation between lateral roots number and yield productivity were observed by McIntosh and Miller (1980) and Saindon et al. (1991) in alfalfa, Sarker et al. (2005) in lentil, and Toorchi at al. (2006) in rise.
This study points at correlation between shoot length and root length in 14 day-old seedlings. However, analysis performed on seedlings in later stage of plant growth did not show correlation between mentioned above traits. That result may suggest that in first analysed stage of seedlings development the root and shoot have uniform growth which change later on during the plant growth. Growth of roots and shoot undoubtly undergoes the genetic regulation, however described here lack of correlation between length of the root and shoot suggests that the growth of these organs have different genetic background. Similar explanation concerning different regulation of growth of root system and shoot can be found in paper of Górny (1978) , who described various length of the root system in analysed dwarf and semi-dwarf mutants of barley. Lack of correlation between growth of shoot and root system was found also among analysed cultivars and mutants of pea (McPhee, 2005; Ciągło-Androsiuk, 2009 ), although results of research by Święcicki (1975) showed that high pea cultivars have a clear tendency to produce a long root system CONCLUSION Described above interrelationships indicate that the root morphological characters such as number of lateral root and lateral root density have the greatest influence on the yielding potential of pea. The identification of Quantitative Traits Loci (QTLs) for number of lateral root could be used to improve yield production of pea. Understanding of the genetic determinants of the number of lateral roots may play an important role in creating a new pea ideotype, especially in increasing its yield. 
